This study was designed to investigate whether the Phox2b-expressing neurons in the retrotrapezoid nucleus are important to breathing and chemoreflexes in conscious rats. r What is the main finding and its importance?
Introduction
Although breathing adjusts to any changes in behaviour (related to emotions, exercise, metabolic status or body temperature), variation in the arterial partial pressure of CO 2 also provides an important stimulus to breathe. Central respiratory chemoreceptors sense changes in tissue CO 2 /H + and send excitatory drive to respiratory centres to regulate the depth and frequency of breathing directly (Feldman et al. 2003 , Nattie & Li, 2012 . The process of chemoreception is especially important during sleep, and its disruption has been associated with central sleep apnoea and hypoventilation syndrome (Amiel et al. 2003) .
One important brainstem region that regulates breathing is the parafacial region of the medulla oblongata (Smith et al. 1989; Pagliardini et al. 2011; Abbott et al. 2011) . This important heterogeneous group of neurons surrounding the facial motor nucleus includes the retrotrapezoid nucleus (RTN), which contributes to both respiratory rhythmogenesis and central respiratory chemoreception (Mulkey et al. 2004; Janczewski & Feldman, 2006; Takakura et al. 2008 Abbott et al. 2009 Abbott et al. , 2011 Pagliardini et al. 2011) . The RTN contains about 2000 neurons that have a well-defined phenotype characterized by the presence of vesicular glutamate transporter 2 mRNA, immunoreactivity for the transcription factor Phox2b and the absence of immunoreactivity for both tyrosine hydroxylase (TH) and choline acetyltransferase (ChAT; Stornetta et al. 2006) .
Regarding breathing activity, recent evidence in the literature has shown that selective activation of Phox2b + TH − neurons in the RTN region elicits an increase in inspiratory activity and active expiration (Marina et al. 2010; Abbott et al. 2011) . According to others, there is a different population of neurons in the same region that controls abdominal muscles during active expiration, which is called the parafacial expiratory oscillator (Pagliardini et al. 2011) .
There is no doubt that Phox2b + TH − neurons in the RTN constitute one of the major brainstem regions for the integration of chemosensory information in anaesthetized and conscious animals Abbott et al. 2009 Abbott et al. , 2011 Marina et al. 2010 ). An important study performed in adult rats showed that chronic bilateral lesions of the RTN region produced with a saporin toxin attenuate breathing at rest and the activation of breathing by hypercapnia to a modest degree (Nattie & Li, 2002) . This suggests that the RTN is only one of many sources of pH-regulated excitatory drive to the central respiratory pattern generator of the adult (Feldman et al. 2003; Nattie & Li, 2006) . However, the contribution of the RTN to breathing in conscious rats could certainly have been underestimated based on the assumption that the lesions that they produced had reached only a small portion of the nucleus, i.e the caudal or the rostral portion (Nattie & Li, 2002; Takakura et al. 2008) .
Therefore, the main objective of the present study was to investigate whether the respiratory changes induced by bilateral lesions of neurokinin 1 receptor (NK1R)-immunoreactive neurons in the RTN region with substance P conjugated with saporin (SSP-SAP) may also involve the Phox2b + TH − neurons in conscious rats.
Methods

Animals
Experiments were performed in 41 adult male Wistar rats weighing 250-330 g. Animal use was in accordance with the guidelines approved by the Animal Experimentation Ethics Committee of the Institute of Biomedical Science at the University of São Paulo (ICB/USP).
Surgery and anaesthesia
The rats were anaesthetized with a mixture of ketamine [80 mg (kg body weight) −1 (Rhobifarma Indústria Farmacêutica Ltda, Hortolândia, SP, Brazil)] and xylazine [7 mg (kg body weight) −1 (Sespo Indústria e Comércio Ltda, Paulíınia, SP, Brazil)]. In one group of animals, a stainless-steel cannula (10 mm long, 0.6 mm o.d.) was implanted unilaterally into the RTN using methods previously described (Hawryluk et al. 2012; . In another group of animals, the saporin conjugate [Sar 9 , Met (O 2 ) 11 ]-substance P (Advanced Targeting Systems, San Diego, CA, USA) or saline was administered bilaterally into the RTN using the method previously described (Takakura et al. 2008 , Wenker et al. 2013 . The pipettes (resistance, 6-12 M ) containing SSP-SAP also allowed the recording of antidromic field potentials that were elicited by stimulating the mandibular branch of the facial nerve (100 μs; 0.5-2 mA; 1 Hz) and were used to direct the electrode tip to the desired sites under the caudal pole of the facial nucleus Fig. 1A and B) .
Pulsatile arterial pressure (AP), mean arterial pressure and heart rate (HR) were recorded in conscious, freely moving rats as previously described (Favero et al. 2011; . Briefly, 1 day before the experiments, under anaesthesia induced by intraperitoneal injection of ketamine [80 mg (kg body weight) −1 ] combined with xylazine [7 mg (kg body weight) −1 ], a polyethylene tube (PE-10 connected to PE-50; Clay Adams, Parsippany, NJ, USA) was inserted into the abdominal aorta through the femoral artery. The cannula was tunnelled subcutaneously to the back of the rats to allow them to remain unrestrained and freely moving.
Carotid body denervation (CBD)
After induction of anaesthesia [mixture of ketamine (80 mg (kg body weight) −1 ) and xylazine (7 mg (kg body Phox2b-expressing retrotrapezoid neurons and the chemoreflex weight) −1 )], a single mid-line incision was made to minimize disruption of the upper airway musculature and nerves (Serra et al. 2001) . In both sham-operated and bilateral carotid-body-denervated (CBD) animals, blunt dissection was used to visualize the bifurcation of the common carotid artery. In CBD animals, the carotid bifurcation was dissected and retracted laterally to obtain bilateral exposure of the carotid body artery, which was gently isolated, clamped with thin forceps and cut, after which the skin incision was closed. The procedure was similar for rats submitted to sham operation, except that they did not have their carotid body arteries cut.
Physiological experiments in conscious rats
In the group with a cannula implanted unilaterally in the RTN, 24 h after the arterial cannulation, when the rats had adapted to the environment of the recording room, the arterial cannula was connected to a pressure transducer (MLT844; ADInstruments, Sydney, NSW, Australia) coupled to a preamplifier (Bridge Amp, ML221; ADInstruments) that was connected to a Powerlab computer data acquisition system (PowerLab 16/30, ML880; ADInstruments).
In all the animals, respiratory rate (f R ; in breaths per minute) and tidal volume (V T ; in millilitres per kilogram) were measured by whole-body plethysmography as described in detail previously (Malan, 1973; Favero et al. 2011) . All experiments were performed at room temperature (24-26°C). The rats were kept in a Plexiglass recording chamber (5 l) that was flushed continuously with a mixture of 79% nitrogen and 21% oxygen (unless otherwise required by the protocol) at a rate of 1 l min −1 . Concentrations of O 2 and CO 2 in the chamber were monitored online using a fast-response O 2 /CO 2 monitor (ADInstruments). The pressure signal was amplified, filtered, recorded, and analysed offline using Powerlab software (Powerlab 16/30, ML880/P; ADInstruments). Oxygen consumption (V O 2 ) was measured with a closed-flow system using a fast-response O 2 /CO 2 analyser (ADInstruments). Rectal temperature was measured twice; before and at the end of the experiments. The values were averaged. The measurements of f R , V T anḋ V O 2 were taken during the last 2 min before exposure to the stimulus and during the 2 min period at the end of each stimulus, when breathing stabilized. Changes in the f R , V T , minute ventilation (V E = f R × V T ; in millilitres per minute per kilogram) andV O 2 (in millilitres per kilogram per minute) were averaged and expressed as means ± SEM.
Chemoreflex analysis
Conscious rats were allowed at least 30 min to acclimate to the chamber environment at normoxia/normocapnia (21% O 2 , 79% N 2 and <0.5% CO 2 ) before measurements of baseline arterial pressure, heart rate and ventilation were taken. Hypoxia was induced by lowering the O 2 concentration in the inspired air down to a level of 8-10% for 10 min. Hypercapnia was induced by titrating CO 2 into the respiratory mixture up to a level of 8-10% (21% O 2 , 69% N 2 ) for 10 min.
Physiological experiments in anaesthetized rats
After the experiments performed in the conscious animals, 16 rats (seven treated with saline and nine treated with 0.6 ng of SSP-SAP) were used for physiological experiments [recording arterial pressure and phrenic nerve activity (PNA)] under general anaesthesia (urethane, 1.2 g kg −1 , I.P., Sigma Co., St. Louis, MO, USA) using methods previously described Taxini et al. 2011; Wenker et al. 2013) .
The PNA was amplified, filtered (300-3000 Hz), full-wave rectified and integrated with a sample-hold integrator with 50 ms bins. All physiological variables (AP, end-expiratory CO 2 , PNA and integrated PNA) were recorded on a computer through a CED interface and Spike2 software (version 6; both from Cambridge Electronic Design Ltd, Cambridge, UK). Small pressure injections of the excitatory amino acid NMDA (Sigma, St Louis, MO, USA; 10 mM in 30 nl) were used to depolarize groups of neurons at specific sites in the medulla. The NMDA solution contained green fluorescent beads (Lumafluor Corp., Naples, FL, USA; 1% of the commercial solution by volume) that were used to locate the injection sites. The injections were made 1.8 mm lateral to the mid-line into various subdivisions of the ventral respiratory column (VRC). The caudal end of the facial motor nucleus was used as a neurophysiological landmark to identify the stereotaxic location of the various subdivisions of the VRC. We estimate that the Bötzinger region is located just behind the facial motor nucleus at a depth corresponding to the bottom of the facial nucleus ± 150 μm and extends from 0 to 600 μm behind this structure. On the basis of the same series of recordings, the pre-Bötzinger region extends ß600-1100 μm caudal to the facial field, and the rostral ventral respiratory group (rVRG) extends from 1100 to at least 1500 μm caudal to it. Each respiratory subgroup is centred 1.8 mm lateral to the mid-line, and each subdivision is found at the same vertical co-ordinate in our preparation. After a preliminary mapping of the facial motor nucleus was accomplished, the recording electrode was withdrawn. It was replaced by an electrode containing NMDA, and a longitudinal row of several microinjections of NMDA were made into the VRC, always at the same lateral and depth co-ordinates. The rostrocaudal distance between injections varied according to the experimental group, and at least 10-15 min were allowed between consecutive injections.
The effect of NMDA on each dependent variable (AP, PNA rate and amplitude) was expressed as a percentage change relative to baseline. The baseline respiratory rate and amplitude were determined by averaging 10 consecutive respiratory cycles immediately before the NMDA injection, and the baseline value of mean arterial pressure was also computed during the same ß10 s period. The maximal change in PNA rate occurred immediately after the injections of NMDA. The maximal effect of NMDA injection on AP was determined by averaging AP during a 5 s period centred on the nadir or apex of the response as appropriate.
Intraparenchymal injections
Substance P (Research Biochemical International, Natick, MA, USA; 2 mM in sterile saline, pH 7.4) was injected (50 nl) unilaterally using a 1 μl Hamilton syringe connected by polyethylene tubing (PE-10) to an injection needle 1.5 mm longer than the guide cannula implanted into the brainstem.
The SSP-SAP or NMDA (0.1 mM in sterile saline, pH 7.4) was administered by pressure injection (30 nl) using a glass pipette with a tip diameter of 25 μm. The bilateral injections of toxin produced no observable behavioural effects, and these rats gained weight normally. The doses of SSP-SAP used in the present study (0.15, 0.3 and 0.6 ng in 30 nl) were selected based on previous experience of the effect of SSP-SAP injected into the pre-Bötzinger complex and into the RTN region in anaesthetized rats (Wang et al. 2002; Takakura et al. 2008) . The selected dose created optimal lesions of the NK1R-immunoreactive neurons of the RTN (around 90%) while preserving the integrity of the TH-immunoreactive cells, as well the choline acetyltransferase-immunoreactive and tryptophan hydroxylase-immunoreactive cells located in the same region.
Histology
The rats were deeply anaesthetized with an extra dose of urethane I.V. then injected with heparin (500 units, intracardially) and perfused through the ascending aorta with 150 ml of PBS (pH 7.4) followed by 4% phosphate-buffered (0.1 M; pH 7.4) paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA, USA). The brain was removed and stored in the perfusion fixative for 24-48 h at 4°C. Series of coronal sections (40 μm) from the brain were cut using a vibrating microtome and stored in cryoprotectant solution (20% glycerol plus 30% ethylene glycol in 50 mM phosphate buffer, pH 7.4) at −20°C for up to 2 weeks awaiting histological processing. All histochemical procedures were done using free-floating sections according to previously described protocols (Takakura et al. 2008; Taxini et al. 2011) .
Tyrosine hydroxylase was detected with a mouse antibody (1:2000 dilution; Chemicon, Temecula, CA, USA) and Phox2b with a rabbit antibody (1:800 dilution; gift from J.-F. Brunet, Ecole Normale Superieure, Paris, France). These primary antibodies were detected by incubation with appropriate secondary antibodies tagged with fluorescent reporters to reveal TH (goat anti-mouse Alexa 488; Invitrogen, Carlsbad, CA, USA) and Phox2b (donkey anti-rabbit Cy3; Jackson Immunoresearch, West Grove, PA, USA). The substance P receptor (NK1R) was detected using a rabbit NK1R antibody (1:5000 dilution; Sigma-Aldrich, Saint Louis, MO, USA) raised against a synthetic peptide corresponding to the C-terminal of NK1R of rat origin (amino acids 393-407). Biotinylated donkey anti-rabbit (1:500 dilution; Jackson Immunoresearch) followed by the ABC kit (Vector Laboratories Inc., Burlingame, CA, USA) and subsequent colourization with 3,3 -di-aminobenzidine (DAB). Phox2b was also detected by incubation with secondary donkey anti-rabbit antibody followed by the ABC kit (Vector Laboratories Inc.) and subsequent colourization with DAB. Choline acetyltransferase was detected with a goat anti-ChAT antibody (1:50 dilution; Chemicon; raised against human placental ChAT) and revealed with a fluorescence method using donkey anti-goat Cy3 (1:200 dilution; Jackson Immunoresearch). Serotonergic neurons were identified with a mouse monoclonal antibody against tryptophan hydroxylase (recombinant rabbit protein; 1:1000 dilution; Sigma) detected with goat anti-mouse IgG3 Cy3 (1:200 dilution; Invitrogen). The specificity of the antibodies has been validated previously (Takakura et al. 2008; Taxini et al. 2011; Barna et al. 2012) .
Densitometric analysis of NK1R immunoreactivity
This analysis was conducted in order to assess the regional specificity of the lesions produced by injecting SSP-SAP into the RTN. Images were taken through the region of interest from both sides of the bilateral lesion cases using the same exposure time. The area of interest was outlined using the landmarks as follows.
For the RTN region, at bregma −11.6 mm, the area was defined by outlining from halfway down the medial edge of the facial motor nucleus, around the centre of the ventral edge of this nucleus and then perpendicular to the ventral surface. The region continued medially along the ventral surface to the medial edge of the pyramidal tract and closed with a diagonal to the medial edge of Phox2b-expressing retrotrapezoid neurons and the chemoreflex the facial nucleus (see Fig. 5 G and H) . Note that the region of the brain thus defined encompassed not only the RTN but a large region medial to it. This choice was made because the RTN per se is not identifiable in tissue reacted for standard NK1R immunochemistry because of the extremely low level of immunoreactivity associated with the Phox2b-expressing neurons (Nattie & Li, 2002) .
For the Bötzinger region, at bregma −12.3 mm, the region was defined by an oval 350 μm wide and 500 μm long, with the top centred on the ventral edge of the nucleus ambiguus (see Fig. 5I and J) .
For the Pre-Bötzinger region, at bregma −12.9 mm, the region was defined by an oval 350 μm wide and 500 μm long, with the top centred on the ventral edge of the nucleus ambiguus (see Fig. 5K and L). Using ImageJ software (public domain program available from the NIH; http://rsb.info.nih.gov/ij/), the region was outlined and the region of interest was segmented such that the segments were judged to represent true immunostaining using the nucleus ambiguus as a standard between sections. The area of pixels containing segments was calculated by the software, and the data are presented as a percentage of control values, with control as 100%.
Statistics
Statistical analysis was done with Sigma Stat version 3.0 (Jandel Corp., Point Richmond, CA, USA). Data are reported as means ± SEM. Student's paired t test and one-or two-way parametric ANOVA followed by the Newman-Keuls multiple comparisons test were used as appropriate. Significance was set at P < 0.05.
Results
Retrotrapezoid nucleus chemosensitive neurons express substance P receptors
Neurokin 1-immunoreactive terminals are abundant in the region of RTN as defined by the cluster of Phox2b-immunoreactive nuclei ( Fig. 2A) . The location of the six substance P injection sites is shown in a representative coronal section in Fig. 2B , and their rostrocaudal scatter is shown in Fig. 2C . The centre of injections into the RTN was located 250 μm below the facial motor nucleus and 200 μm rostral to the caudal end of this nucleus, targeting the region that contains the highest density of CO 2 -sensitive RTN neurons ( Fig. 2B ; Takakura et al. 2006 Takakura et al. , 2008 .
The stimulation of the RTN unilaterally by substance P injection (2 mM in 50 nl; n = 6 per group) increased V T (8.5 ± 0.05 ml kg −1 versus saline, 8.1 ± 0.1 ml kg −1 ; P < 0.05), f R (126 ± 4 breaths min −1 , versus saline, 104 ± 2 breaths min −1 ; P < 0.05) andV E (1071 ± 59 ml kg −1 min −1 , versus saline, 842 ± 51 ml kg −1 min −1 ; P < 0.05; Fig. 2E-G) . These values were the maximal effect produced by the stimulation and required approximately 5 min to reach the peak response. However, the effect started 20-30 s after substance P was injected into the RTN. The increase in breathing rate was due to a slight reduction in the duration of inspiration (t I ) (214 ± 3 ms, versus saline, 235 ± 5 ms; P < 0.05) and a substantial reduction in the expiration time (t E ; 262 ± 9 ms, versus saline, 341 ± 7 ms; P < 0.01; data not shown). The substance P injection into the RTN also produced a slight increase in mean arterial pressure (121 ± 3 mmHg, versus saline, 104 ± 2 mmHg; P < 0.05; Fig. 2D ), without changing HR (323 ± 11 beats min −1 , versus saline, 324 ± 16 beats min −1 ; P > 0.05).
The SSP-SAP selectively destroys the Phox2b-expressing neurons of RTN
The SSP-SAP (0.15, 0.3 or 0.6 ng) was injected bilaterally into the RTN under electrophysiological guidance for added accuracy (see Methods). Two weeks later, Phox2b immunoreactivity was examined within the RTN region in all the SSP-SAP-injected rats to assess the effect of the toxin on the CO 2 -sensitive neurons. The number of Phox2b-immunoreactive nuclei counted in three sections per rat was unchanged in the five animals subjected to bilateral injection of the 0.15 ng dose of toxin or saline (Figs 3B and 4A and B) . A significant but small reduction of the number of Phox2b-immunoreactive nuclei was observed in the eight rats treated with the 0.3 ng dose, and a massive reduction of Phox2b-immunoreactive nuclei was found in the 0.6 ng group (n = 9 rats; Figs 3A and B and 4C-E).
Figure 1. Electrophysiological identification of the facial motor nucleus
A, the saporin conjugate with substance P (SSP-SAP) was bilaterally microinjected into retrotrapezoid nucleus (RTN) at three different rostrocaudally aligned sites separated by 200 μm. These sites were identified electrophysiologically by their proximity to the facial motor nucleus (FN) . B, example of antidromic field potentials recorded in the facial motor nucleus as the SSP-SAP-containing injection pipette was lowered through the medulla oblongata.
According to prior evidence, Phox2b is predominantly expressed by the CO 2 -activated neurons in the RTN region, but this marker is also present in a fraction of the C1 neurons located close to the CO 2 -activated neurons . The C1 neurons are normally bulbospinal blood-pressure-regulating neurons (Guyenet, 2006) that can be distinguished from the CO 2 -sensitive cells by the presence of tyrosine hydroxylase (Takakura et al. 2008; Barna et al. 2012) . In order to determine more accurately the extent to which the CO 2 -activated neurons were killed by SSP-SAP, we counted separately the number of Phox2b-expressing RTN neurons that were devoid of tyrosine-hydroxylase immunoreactivity. The vast majority of the Phox2b-immunoreactive nuclei that remained within the RTN region after treatment with 0.6 ng SSP-SAP belonged to tyrosine-hydroxylase-positive neurons (Figs 3A-C and 4A-D). Excluding these neurons, the kill rate of the presumptive CO 2 -sensitive neurons [the Phox2b-positive but tyrosine-hydroxylase negative neurons (Phox2b + TH − )] was 28 ± 6% after the 0.3 ng dose of SSP-SAP and 89 ± 4% after the 0.6 ng dose ( Figs 3A and B and 4E ). In conformity with prior observations, the tyrosine-hydroxylase-positive neurons were unaffected by the SSP-SAP (Figs 3A-C and 4C and D; Gray et al. 2001; Takakura et al. 2008) . This observation indicates that 0.6 ng of SSP-SAP selectively killed the chemosensitive (Phox2b + TH − ) neurons but spared the local catecholaminergic neurons regardless of whether they expressed Phox2b immunoreactivity .
In order to assess the selectivity of the toxin further, we examined the effect of 0.6 ng SSP-SAP on other types of neurons located in the immediate proximity of the RTN. Based on ChAT immunoreactivity, the toxin had no apparent effect on facial motor neurons or on the serotonergic neurons (sections stained with an antibody against tryptophan hydroxylase) located between the RTN and the edge of the pyramidal tract, as well as in the medullary raphe (Fig. 5B, D and F) . The immunohistochemistry for ChAT and tryptophan hydroxylase in SSP-SAP-lesioned rats was not different from that of the saline (control) group (Fig. 5A-F ).
Figure 2. Substance P injection into the RTN stimulates breathing in conscious rats
A, example of one RTN neuron, identified by the presence of a Phox2b-immunoreactive nuclei and its location close to the ventral medullary surface (VMS), that contains neurokinin 1 receptor (NK1R) immunoreactivity. Scale bar represents 10 μm. B, photomicrograph and computer-assisted plots of the centre of the injection sites revealed by the presence of fluorescent microbeads included in the injectate (coronal projection on plane pregma −11.6 mm of the atlas by Paxinos & Watson (1998) . Black dots represent the injections sites into the RTN. Abbreviations: py, pyramid; RPa, raphe pallidus; Sp5, spinal trigeminal tract; VMS, ventral medullary surface; and 7, facial motor nucleus. Scale bar represents 1 mm. C, rostrocaudal scatter of the substance P injection into the RTN/parafacial respiratory group (pFRG). The bottom panels show changes in mean arterial pressure (MAP; D), tidal volume (V T ; E), breathing frequency (f R ; F) and minute ventilation (V E ; G) elicited by saline or substance P (2 mM in 50 nl) injections (arrows) into the RTN. * Significantly different from saline (P < 0.05); n = 6 rats per group. Phox2b-expressing retrotrapezoid neurons and the chemoreflex In addition, we examined the intensity of the NK1R immunoreactivity present within the RTN, the parapyramidal region, the C1/Bötzinger region in the ventrolateral medulla and the pre-Bötzinger complex. The 0.15 ng dose of SSP-SAP produced no detectable lesion in any region (Fig. 5M ). The 0.3 ng dose produced a small reduction in NK1R immunoreactivity in the RTN region, which failed to reach statistical significance at the group level (Fig. 5M) . The 0.6 ng dose of SSP-SAP led to an extensive reduction of NK1R immunoreactivity within the RTN region and medial to it (Fig. 5G, H and M) and a small but significant reduction within the C1/Bötzinger region, the region of the ventrolateral medulla closest to the RTN (Fig. 5I, J and M) . No significant change of NK1R immunoreactivity was detected within the pre-Bötzinger complex (Fig. 5K, L and M) . Figure 3 . The SSP-SAP destroys the Phox2b-positive but tyrosine-hydroxylase negative (Phox2b + TH − ) neurons within the retrotrapezoid nucleus A, computer-assisted plot of the chemosensitive neurons (Phox2b + TH − ), Phox2b + TH + neurons and C1 neurons (TH + ) present in a single 40-μm-thick coronal brain section from a rat that had received a bilateral injection of 0.6 ng of SSP-SAP within the RTN region (bregma level around −11.6 mm). B and C, group data. Each column represents the total number of neurons of a given type present in nine consecutive 40-μm-thick coronal sections separated by 360 μm. The middle section was as close as possible to bregma −11.6 mm. Abbreviations: py, pyramide; RPa, raphe pallidus; Sp5, spinal trigeminal tract; and 7, facial motor nucleus. Scale bar represents 1 mm.
Selective inhibition of RTN Phox2b-expressing neurons reduces breathing response to central chemoreflex activation in conscious adult rats
In the following experiments, we determined the effects of bilaterally silencing the parafacial region (pFRG)/RTN region with, respectively, 0.15 (n = 5), 0.3 (n = 8) or 0.6 ng SSP-SAP (n = 9) on breathing parameters (tidal volume, respiratory frequency and minute ventilation) at rest and during hypercapnia (up to 7% end-expiratory CO 2 ) for 14 days in conscious adult rats with peripheral chemoreceptors intact. As described previously, the tips of the SSP-SAP-containing pipettes were inserted under electrophysiological guidance, typically 250 μm below the facial motor nucleus and 200 μm rostral to the caudal end of this nucleus to target the region that contains the highest density of Phox2b-immunoreactive CO 2 -sensitive RTN neurons (Mulkey et al. 2004; Guyenet et al. 2005; Takakura et al. 2006 Takakura et al. , 2008  Fig. 6A ). In the 0.6 ng group (n = 9), there was a time-dependent reduction in V T (5 ± 0.8 ml kg −1 , versus saline, 8.5 ± 0.3 ml kg −1 ; P < 0.05) andV E (560 ± 18 ml kg −1 min −1 , versus saline, 842 ± 25 ml kg −1 min −1 ; P < 0.05) at rest from day 3 to 14 days after lesioning ( Fig. 6B and D) . In the 0.15 (n = 5) and 0.3 ng (n = 8) groups, we did not observe any effect on resting breathing in any of the rats, although the injection sites were properly placed (Fig. 6A) . We did not observed any changes in f R after 0.6 ng (102 ± 6breaths min −1 , versus saline, 105 ± 6 breaths min −1 ; P > 0.05; Fig. 6C ).
Only the 0.6 ng dose of SSP-SAP led to a significant reduction in theV O 2 (20.5 ± 0.77 ml kg −1 min −1 , versus saline, 23 ± 0.83 ml kg −1 min −1 ; P < 0.05) at rest from 3 to 14 days after lesioning (Table 1) . No changes in body weight or body temperature were observed for any dose of SSP-SAP into the RTN (Table 1) .
The same groups of rats were exposed for 10 min to hypercapnia (7% CO 2 in the inspired air) 1 day before and on days 7 and 14 after lesioning to evaluate the effect of central chemoreflex activation. In conscious animals with 0.6 ng SSP-SAP injected bilaterally into the RTN, theV E was reduced by 58% compared with the control (saline) group, mainly because of a reduction in V T (change = 20 ± 6 ml kg −1 , versus saline, 60 ± 4 ml kg −1 ; P < 0.001; Fig. 7A and C) . The f R (excluding sniffing and other behavioural artifacts) was not changed (change = 40 ± 6 breaths min −1 , versus saline, 45 ± 8 breaths min −1 ; P > 0.05) during exposure to 7% CO 2 (Fig. 7B ). In the 0.15 and 0.3 ng SSP-SAP groups, no detectable changes in V T , f R andV E were observed ( Fig. 7A-C) .
In another group of animals, we evaluate the effect of the high dose (0.6 ng) of SSP-SAP on breathing at rest for 14 days and during hypercapnia (up to 7% end-expiratory CO 2 ) in conscious adult rats with peripheral chemoreceptors denervated (CBD; Figs 6 and 7).
From day 3 to 14 after injection of 0.6 ng of SSP-SAP into the RTN/pFRG, there was a time-dependent reduction in V T (4.8 ± 0.5 ml kg −1 , versus sham-operated + saline, 9 ± 0.7 ml kg −1 ; P < 0.05), f R (88 ± 5 breaths min −1 , versus sham-operated + saline, 105 ± 6 breaths min −1 ; P < 0.05) andV E (459 ± 2 ml kg min −1 , versus sham-operated + saline, 918 ± 23 ml kg min −1 ; P < 0.01; (Fig. 6B-D) . A group of rats that received saline injected into the RTN/pFRG had a reduction inV E (768 ± 3 ml kg −1 min −1 , versus sham-operated + saline, 1035 ± 58 ml kg −1 min −1 ; P < 0.05) by 1 day after CBD. The reduction inV E post-CBD was due to a significant decrease in tidal volume (P < 0.05; Fig. 6B and D) . We also observe a further decrease inV O 2 in animals with CBD (P < 0.05; Table 1 ).
When the animals were exposed to 7% CO 2 1 day before and on days 7 and 14 after lesions, we observed a further decrease inV E (64 ± 7%) due to a decrease in V T (change = 19 ± 3 ml kg −1 , versus saline, 63 ± 4 ml kg −1 ; P < 0.001) and f R (change = 39 ± 4 breaths min −1 , versus saline, 58 ± 8 breaths min −1 ; P < 0.01; Fig. 7A-C) . Bilateral CBD had no significant effects onV E , V T or f R after 7% CO 2 in animals that received saline injected into the pFRG/RTN (Fig. 7A-C) .
Evidence that the animals had the peripheral chemoreceptors denervated was obtained by demonstrating that denervation of these receptors eliminated the excitatory effect of a hypoxic (8% O 2 ) stimulus on f R (107 ± 8 breaths min −1 , versus saline, 108 ± 5 breaths min −1 ; P < 0.01; data not shown). A and B , photomicrographs from a control rat that received injections of saline. C and D, photomicrographs from a rat that received bilateral injections of 0.6 ng SSP-SAP in the RTN. C and D demonstrate the almost complete loss of the Phox2b + nuclei (Cy3 immunofluorescence (red) at the level of the caudal (bregma level −11.6 mm) and rostral cluster) of the RTN (bregma level −10.4 mm). These pannels also show that the C1 neurons are intact (TH immunoreactivity (green), Alexa 488). A and B show that the caudal and rostral cluster of Phox2b + neurons was intact in the control rats. Scale bar represents 100 μm. E, comparison of distribution of the Phox2b + TH − neurons throughout the RTN in nine rats with bilateral lesions (red circles) with the cell distribution found in seven control rats (black circles). Phox2b-expressing retrotrapezoid neurons and the chemoreflex 
Figure 4. Effect of bilateral injections of SSP-SAP on Phox2b + TH − neurons within the RTN
Cardiorespiratory responses to injection of NMDA in rats with bilateral injections of SSP-SAP into the pFRG/RTN region
This experiment was designed to assess the extent of the SSP-SAP lesion. The physiological experiments were performed 15-20 days after bilateral injection of SSP-SAP (0.6 ng group) into the RTN. We used the same group of rats described in the previous section (conscious rats with intact peripheral chemoreceptors). In each rat, NMDA (5 pmol in 30 nl) was microinjected into three specific portions of the VRC, namely the Bötzinger region (injections located 12.3 mm behind bregma), the pre-Bötzinger region (injections located 12.9 mm behind bregma) and the rVRG (injections located 13.3 mm behind bregma; (Fig. 8F-H) .
The resting cardiovascular parameters of SSP-SAP-treated and saline-treated rats were generally not statistically different ( Fig. 8A-C) . The apnoeic threshold of the rats that had received injections of toxin bilaterally (n = 9) was significantly elevated relative to the control rats (7.4 ± 0.5% end-expiratory CO 2 versus saline, 4.3 ± 0.6%; P < 0.05; data not shown). In rats treated with 0.6 ng SSP-SAP, NMDA injection produced the same site-dependent cardiorespiratory changes as in untreated rats. Figure 8 illustrates a representative case. The group data indicate that NMDA injections into three different locations within the VRC produced identical cardiorespiratory effects on saline-or SSP-SAP-treated rats (Figs. 8A-E).
Representative photomicrographs of rats treated with saline (control; A, C, E, G, I and K) or 0.6 ng of SSP-SAP (B, D, F, H, J and L) . A and B, choline acetyltransferase (ChAT) immunoreactivity at the RTN level 15 days after a bilateral injection of 0.6 ng SSP-SAP. Note that facial motoneurons seem unaffected by the toxin. C and D, photomicrographs of the medullary raphe showing that the serotonergic neurons are intact after bilateral injection of SSP-SAP within the RTN region. E and F, photomicrographs of the parapyramidal region showing that the serotonergic neurons located medial to the toxin-induced lesion are preserved. G and H, injection of 0.6 ng of SSP-SAP bilaterally into the RTN virtually eliminated NK1R immunoreactivity (H), whereas in the control group, the NK1R immunoreactivity was intact (G). I and J, photomicrographs of the C1/pre-Bötzinger complex region showing that the NK1R neurons located immediately caudal to the toxin-induced lesion are slightly reduced compared with the control group. K and L, photomicrographs of the pre-Bötzinger complex; the location of this area is marked by an ellipse. M, analysis of the extent of NK1R immunoreactivity in the regions outlined by the dotted lines in G-L. The NK1R immunoreactivity with the lesion is expressed as a percentage of the immunoreactivity in the control (saline) group. Abbreviations: Amb, nucleus ambigus; py, pyramide; and 7, facial motor nucleus. Scale bar in B represents 200 μm and applies to A and B; scale bar in F represents 100 μm and applies to C-F; and scale bar in L represents 500 μm and applies to G-L.
Discussion
This present study suggests that the Phox2b-expressing neurons of the parafacial/RTN region (Phox2b + TH − neurons) produce a CO 2 -dependent excitatory drive that is important for inspiratory activity to be active in conscious adult rats. These results are consistent with the view that these excitatory (presumably glutamatergic) neurons are essential central respiratory chemoreceptors, by showing that chronic loss of the Phox2b + TH − neurons causes severe attenuation of the chemosensory control of breathing in conscious rats. The data also reveal a further reduction in the chemosensory control of breathing elicited by CO 2 in animals with denervated peripheral chemoreceptors, emphasizing the role of peripheral chemoreceptors in the chemosensory control of breathing.
Evidence that the SSP-SAP toxin destroys RTN chemoreceptors selectively
The interpretation of the present results depends on one important technical consideration. The SSP-SAP is a conjugate between saporin and a selective NK1R agonist. In theory, this commonly used toxin should destroy only neurons that express NK1Rs and should spare neurons that express no substance P receptors or other types of substance P receptors, but we found that this assumption is hard to verify in vivo. Furthermore, neurons do not have to express a high level of NK1R immunoreactivity to be destroyed by SSP-SAP. The RTN neurons are a prime example. Although, in the RTN, very little NK1R immunoreactivity is visibly associated with neuronal cell bodies, some form of neurokinin receptor is clearly present on the surface of the Phox2b + TH − neurons, because these cells are very strongly activated by substance P both in vitro and in vivo (Mulkey et al. 2007 ; present results, Fig. 2) . The destruction of RTN Phox2b + TH − neurons by SSP-SAP is presumably due to the presence of these receptors. As noted before (Takakura et al., 2008) , the intense NK1R immunoreactivity present in the RTN is largely due to dendrites from neurons located at the periphery of the nucleus. This meshwork of immunoreactive processes masks the weak immunoreactivity associated with the small cell bodies of RTN neurons. Furthermore, commonly used antibodies to NK1Rs are directed against the N-terminal end of the receptor, which is expressed in only one of two alternatively spliced forms of the receptor. As a result of these multiple uncertainties, the selectivity of SSP-SAP can only be evaluated empirically. Clearly, SSP-SAP eliminated RTN chemoreceptors, because the toxin destroyed the Phox2b-expressing neurons devoid of tyrosine hydroxylase, but the kill was selective, not exclusive. When administered at a dose that killed the Phox2b-expressing neurons, the toxin spared nearby C1 Figure 6 . Injection of SSP-SAP into the RTN reduces resting breathing in conscious rats A, computer-assisted plot of SSP-SAP injection sites in the RTN. Abbreviations: py, pyramide; CBD, carotid body denervation; Sp5, spinal trigeminal tract; and 7, facial motor nucleus. Scale bar represents 1 mm. Changes in tidal volume (V T ; B), breathing frequency (fR; C) and minute ventilation (V E ; D) in animals with or without peripheral chemoreceptors that received injections of saline or SSP-SAP (0.6 ng in 50 nl) into the RTN. * Significantly different from saline; +significantly different from SSP-SAP 0.6 (P < 0.05); n = 5-9 rats per group. Phox2b-expressing retrotrapezoid neurons and the chemoreflex catecholaminergic, serotonergic and cholinergic neurons, including facial motor neurons. The C1 cells express substance P receptors, and brainstem motor neurons in general express some form of NK1R (Li and Guyenet, 1997; Makeham et al. 2001) . The reason why these cell types were resistant to SSP-SAP is not obvious. In addition to the Phox2b-expressing neurons, the toxin also destroyed the large and intensely NK1R-immunoreactive neurons that reside at the lateral edge of the pyramidal tract and extend their dendrites into the RTN region. At the moment, we do not know the exact physiological function of the NK1R cells of the parapyramidal region, and future studies are necessary to improve understanding of the role of NK1R cells in autonomic and respiratory control. Another possibility is the fact that injection of SSP-SAP into the RTN might have destroyed Phox2b-negative VRC neurons that are also important to respiration. However, our physiology experiments in anaesthetized rats 15 days after bilateral injection of the SSP-SAP into the RTN indicated that NK1R-expressing neurons located within the VRC at the level of the Bötzinger complex and caudal to this level were presumably intact. It has not been proved that SSP-SAP destroys only neurons that express the particular form of substance P receptor that is detected by our antibody, but the lack of effect on the neurons that express this receptor makes it very unlikely that other types of neurons within the same region might have been killed.
In brief, SSP-SAP destroyed the RTN Phox2b + TH − neurons with considerable selectivity. The present results suggest that the chemoreflex attenuation produced by chronic bilateral injections of SSP-SAP into the RTN is likely to be due to the loss of the Phox2b + TH − neurons in this area.
Are the Phox2b + TH − neurons in the RTN region essential for CO 2 homeostasis in the adult rat?
In adult rats, chronic bilateral lesions of the RTN region performed with SSP-SAP attenuate breathing at rest and the activation of breathing by hypercapnia to a similar modest degree, but such lesions do not compromise the survival of the animals. Our results are not in agreement with the work performed by Marina and colleagues (2010) owing to the fact that we observed a reduction in the baseline ventilation after injection of SSP-SAP into the RTN. After bilateral injection of SSP-SAP into the RTN, the animals are apparently not ill, because they maintain their body weight and daily water intake. Analysing their oxygen consumption, we noted a significant reduction inV O 2 in the SSP-SAP-treated animals compared with the control animals. It is possible that after lesioning of the Phox2b neurons, the animals cannot compensate their metabolism, resulting in a reduction in oxygen consumption. In addition, the toxin damaged the NK1R neurons located in the parapyramidal region, which could also explain the reduction in the baseline breathing and possibly the reduction in oxygen consumption. Neurons located in the lateral edge of the pyramids are involved in thermoregulation and could certainly contribute to the resting breathing and metabolism (Ootsuka & Blessing, 2005) .
The contribution of the RTN to breathing in the awake state was greatly underestimated in the work performed by Nattie & Li, (2002) , because the lesions that they produced involved only a small portion of the nucleus. In addition, it is important to consider that these authors had no marker to identify the relevant RTN neurons (Nattie & Li, 2002) . More recently, Marina and colleagues explored the contribution of the Phox2b-expressing neurons of the RTN to breathing using the allatostatin receptor method (Tan et al. 2008; Marina et al. 2010) . They showed that acute inhibition of RTN neurons produced no change in baseline breathing, but reduced the hypercapnic respiratory stimulation in conscious rats. The results are interesting, but may well be an underestimation of the contribution of RTN neurons to chemoreception because the animals had intact peripheral chemoreceptors, which also contribute to the chemoreflex.
The present experiments showed a large decrease in the chemosensory control of breathing elicited by CO 2 in conscious rats with or without peripheral chemoreceptors.
We also observed a decrease in the ventilatory response to CO 2 by destroying a similar percentage of RTN Phox2b + TH − neurons to that in the study the genetic model by Ramanantsoa et al. (2011) . In that study, there was a reduction of at least 80% of the Phox2b neurons that are an early growth response 2 gene-dependent lineage. They also showed that the C1 cells were intact in their genetic model, considering the fact that the C1 neurons are not early growth response 2 gene dependent, which means that the C1 neurons are not affected by the Phox2b mutations (Ramanantsoa et al. 2011) .
We have shown before in anaesthetized animals that a lesion of ß70% of the Phox2b + TH − neurons in the RTN leads to an increase only in the apnoeic threshold elicited by CO 2 (Takakura et al. 2008) . However, in the present study, using conscious rats, we have demonstrated that a high kill rate (90%) of the Phox2b + TH − neurons produces significant breathing-related symptoms, especially in the chemosensory control of breathing produced by CO 2 . The fact that a high kill rate would be required to produce symptoms has previously been described in the literature (Schulz & Falkenburger, 2004) .
Although we achieved a high level of destruction of the Phox2b + TH − neurons in the RTN, we did not observe significant consequences on breathing in the awake animals as has previously been demonstrated by others (Dubreuil et al. 2008; Ramanantsoa et al. 2011) . This fact plausibly accounts for the evidence that other neurons located in the dorsolateral pons, in the nucleus tractus solitarii or in the ventral respiratory column, could be involved in the control of breathing. Therefore, more studies are necessary to improve the understanding of the neural control of breathing elicited by CO 2 , especially during the developmental period of life. A different methodology will have to be implemented to determine how critical the Phox2b + TH − neurons within the RTN are in the chemosensory control of breathing.
Compensatory mechanisms after disruption of the RTN chemoreceptors
The results presented in the present manuscript raise several questions relating to the partial recovery of ventilation after SSP-SAP injected into the RTN. The key point is the fact that the peripheral chemoreceptors could compensate for the absence of central chemoreceptors located in the RTN region. In other words, our results strongly suggest that tonic stimulation by the peripheral chemoreceptors compensates for the missing CO 2 response to maintain breathing. In animals with CBD, we observed a further reduction in breathing elicited by hypercapnia, suggesting that without the peripheral chemoreceptors, the ventilatory responses should be compensated by one or other of the multiple sites postulated as central chemoreceptors, such as the locus coeruleus, the nucleus of the solitary tract or the medullary raphe (Nattie, 2011) . Additionally, there are several lines of evidence that the primary afferents from peripheral chemoreceptors target the caudal aspect of the nucleus of the solitary tract, which in turn project to the multiple nuclei in the ventrolateral medulla, including the RTN Wenker et al. 2013) . Carotid body denervation presumably prevented the activation of the nucleus tractus solitarii-RTN pathway, which attenuated the ventilatory response to CO 2 .
Figure 7. Injection of SSP-SAP into the RTN reduces the effect of hypercapnia on breathing in conscious rats
Whole-body plethysmography was used to measure tidal volume (V T ) and respiratory rate (f R ) in conscious rats during exposure to hypercapnia (7% CO 2 ) after bilateral RTN injections of saline or SSP-SAP (0.15, 0.3 and 0.6 ng in 50 nl) in animals with or without peripheral chemoreceptors. Summary data (n = 5-9 rats per group) plotted for V T (A), f R (B) or minute ventilation (V E ; C) show that RTN injections of SSP-SAP decreased hypercapnia-induced increases in V T , f R andV E . * Significantly different from saline; +significantly different from 0.6 ng SSP-SAP (P < 0.05). Phox2b-expressing retrotrapezoid neurons and the chemoreflex
Summary and conclusions
In summary, the present study examines and confirms the consequences of destroying RTN neurons with a saporin-based toxin (Nattie & Li, 2002; Takakura et al. 2008) . We believe that the present report adds two elements to these previous studies. Unlike the earlier study, in the present report we now have the ability to measure the effect of the toxin on a defined cell population (Phox2b + TH − ) thought to be pivotal for the modulation of breathing by CO 2 . In addition, the present study probably achieved a greater kill rate of these cells than in the study by Nattie & Li (2002) , which explains the larger deficits that we were able to produce. This study also adds to our previous report because it is performed in conscious as opposed to anaesthetized rats, and consideration is given to the potential role of the carotid bodies (Takakura et al. 2008) .
Collectively, the results of the present study suggest that the specialized connectivity of RTN neurons, their glutamatergic nature and their relatively high sensitivity to CO 2 are determinant factors in explaining their large contribution to the chemoreflexes. Their central chemosensitivity probably relies on the following three mechanisms: (i) an intrisic sensitivity to acid; (ii) a 
